Davidsen and I have been collaborating for a number of years on the design of system dynamics-based learning environments, and we have developed some perspective and experience in this area. Part of our motivation for accepting the work associated with a special issue was to insure that we were taking into account the best available knowledge in our own research. This volume represents much of the best available work in this area.
Our call for contributions was issued in May 1998. We solicited contributions in the following four categories:
• cognitive foundations for the design and evaluation of interactive learning environments, • perspectives on the use of system dynamics-based interactive learning environments, • computer-based techniques and technologies for system dynamics-based interactive learning environments, and • applications of interactive learning environments in research, knowledge elicitation, and learning.
In short, we issued quite a broad appeal for the latest research and findings in key areas pertaining to system dynamics-based interactive learning environments. This special issue has the articles that survived the subsequent review and revision process. Davidsen's introduction to this issue (in Vol. 31, No. 2) provides a short historical context for system dynamics and the interest in using system dynamics to promote learning about complex domains. In addition, the introduction identifies the key concerns that are discussed and addressed. I cannot add much to that history and treatment other than provide some speculation about where I think interesting work remains to be done and where I think the field of system dynamics-based learning environments may evolve.
Instructional Science
The two key areas that I believe are worth such speculation concern collaboration and constructivity. Both of these areas involve topics treated at length in several articles and key notions identified in Davidsen's introduction, namely transparency and the connection between structure and behavior. First, I wish to say that my remarks should be taken in the spirit of provocative speculation. I make no claims to have completed a thorough analysis of all possibilities, and I certainly do not have special insight into the future of system dynamics and learning environments.
Nevertheless, we should occasionally think about where we have been and where we are headed, as that is part of the reflective nature of our species. Trends in business and industry appear to be toward more internationally conducted enterprise, with more multinational corporations doing business in regionally dispersed and qualitatively different kinds of markets (e.g., see Carter, 1997; Lengel, 1997) . The tasks of understanding a global market or managing a multinational corporation are certainly different from and more complex than the tasks of understanding a regional market or managing a single-location business.
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Associated with these trends in business and industry are concerns with environmental problems, which are now increasingly regarded as global problems connected with many different kinds of factors (e.g., effects of weather, population growth and movement, industrialization of developing countries, deforestation, declining fish populations, increasing use of pesticides, etc.). Just as many issues and problems in business have become increasingly global and more complex, so have many environmental problems.
Meanwhile, developments in the use of information and communications technologies to support learning and instruction have migrated from simple and direct tutorial support for discrete and well-defined problems to a wider variety of resources and support for a much broader range of problems. Educational researchers, like researchers in other areas, respond with interest and vigor to challenges. Learning support for dramatically improved understanding in complex domains of the kind just suggested is a particular challenge for educational researchers. In general, we know how to build meaningful and effective learning environments for simpler domains; we know much less about what kinds of learning support work in which circumstances with regard to complex dynamic domains (Sterman, 1994) .
When learning tasks are complex and ill-defined, what do instructional scientists generally believe to be promising instructional approaches? My assessment is that there are two complementary approaches that represent the best that instructional design science has to offer for learning in and about complex domains: collaboration and constructivity. I continue with a few remarks about the latter.
Constructivity
Constructivity is basically a philosophical perspective called constructionism when emphasis is placed on psychological processes or constructivism when emphasis is placed on instructional design implications (Jonassen, Peck, & Wilson, 1999) . Constructivity suggests that it is vital to recognize the active role of the individual in constructing representations and interpretations of reality. Many educational researchers have contributed to various aspects of constructivity, including Bruner (1985) , Davydov (1988) , Lave (1988), and Piaget (1970) . Promoting active and constructive processes in the learner has become a vital part of learning support and instructional design, most especially with regard to advanced learning about complex domains.
It is worth remarking that an efficient way to promote such constructive learning is often to provide traditional tutorial and expository instruction to establish a basic foundation on which to build meaningful activities. On other occasions, what works is to provide a very open-ended and exploratory or experimental environment with minimal direct feedback or guidance from a teacher or tutor. We have called this the notion of graduated complexity (Spector & Davidsen, 1997) . Graduated complexity, we argue, is consistent with such current mainstream educational research as cognitive apprenticeship (Collins, 1991) and cognitive flexibility theory (Spiro, Feltovich, Jacobson, & Coulson, 1992) , but graduated complexity takes into account the particular demands introduced by complex, dynamic domains. Our views concerning graduated complexity (2000) has presented in this volume. The distinction between learning using models and learning by modeling are different points along a spectrum of approaches and learner support. More support is provided in the context of using a model, and this is generally appropriate for new learners and for some specific learning tasks. Less support is provided in the context of creating models. Modeling is a quite challenging activity and should not be undertaken without proper support and preparation. The risk of frustration is perhaps high, but this is partly compensated by the potential for deep understanding.
Much critical work remains to be done with regard to the context of construction. There is a great deal of consensus that people play an active role in interpreting their experiences. Learning is fundamentally and essentially an active and ongoing process. The implication of this view is that evaluation of learning becomes more crucial than ever before. It is precisely because learners interact with each other, with teachers and tutors, and with various artifacts, models, and simulations that it is important to examine which kinds of interactions in which circumstances contribute to desired and persisting changes in attitudes, capabilities, understanding, and performance. Left to chance in complex situations, it is not likely that constructions that contribute to meaningful and desired outcomes are likely to occur. Dörner's (1996) analysis of learning in complex domains indicates that learning support is required. Studies with creative, bright, and motivated learners show that the inability to construct meaningful representations of complex domains is pervasive.
With regard to improving the role of system dynamics-based interactive learning environments in active learner constructive processes, we must admit that the basic research work is only now beginning. Several of the authors of the articles included here have argued persuasively that learning environments that provide learners with access to underlying models will promote learning. We are inclined to agree and are designing learning environments that do provide learners with views of and access to underlying models, including the opportunity for learners to complete partially constructed models, to explore the consequences of using different parameters for key model components, and to reconstruct alternative models to explain observed behavior in a complex domain. Whether and to what extent any of these instructional approaches promotes learning remains to be seen. Indeed, what is currently lacking is a systematic method for determining learning effectiveness of alternative instructional strategies.
Collaboration
With regard to the role of collaboration, the trend is also clear. Just as businesses and markets are becoming more global and dispersed, so are information resources and knowledge in general. Knowledge and resources are already distributed (Pea, 1993; Salomon, 1993) . Tasks and work environments are so complex that it is becoming increasingly necessary to collaborate with others to perform everyday work tasks. Because training traditionally is intended to prepare people for work, and because we Spector / SYSTEM DYNAMICS 531 live and work in increasingly collaborative environments, it is entirely reasonable to include much more collaboration in learning and instructional systems.
In short, knowledge and expertise in many domains are widely distributed and quite dynamic. How can one expect to become an expert or maintain expertise in a complex domain? The answer must include some recognition of the need to include collaboration as a key working and learning skill. Much of the research required as a foundation for improving collaborative skills and integrating collaboration into learning environments is based on action research from an activity theory perspective (Leontiev, 1978; Nardi, 1996) . This descriptive research is only now beginning to accumulate into a significant collection of findings. Much work remains to be done to develop implications for the design of learning environments and to understand the effects of collaborative designs on the activities of learners and workers (Malone & Crowston, 1993) .
Learning research inspired by Vygotsky (1978) now suggests that an instructional approach that recognizes the need for learners to engage peers in dialogue concerning challenging new concepts and to work in collaboration with colleagues on difficult tasks produces desirable and persisting improvements in understanding (Resnick, Levine, & Teasley, 1991; Scott, Cole, & Engel, 1992) . A number of projects in the area of collaborative telelearning can be cited as evidence of the effectiveness of sociocultural approaches to learning and instruction, although the ability to generalize results or analyze costs and benefits has not been so well established. What has not been developed, however, is a method to determine to what extent particular kinds of collaborative learning environments contribute to desired outcomes. There is not even general agreement on what kinds of outcomes are generally desired. Should workers become more autonomous? Always? When? With regard to what kinds of tasks? Should learners become more self-focused and critical of other views? When? Why?
Toward a Constructive, Collaborative Methodology
Can we put together some sense from these various ideas and articles? The article by Rouwette, Vennix, and Thijsson (2000) suggests that we can. They argue that a collaborative approach to model building and policy design is effective in terms of learning and improving understanding. This builds on an important distinction between designing for collaboration and collaborative design. Much of what is now considered best practice in the instructional design community could be encapsulated in the idea of designing for collaboration. Certainly there is value to such a perspective. When we add in the equally significant emphasis on constructivity, then we are led to consider collaborative design of models and learning environments.
As many constructivists have demonstrated, the process of designing an artifact actively engages learners and may contribute as significantly to learning as simply using an artifact built by others (Jonassen et al., 1999) . We find ourselves in an unfinished and uncertain world. Working with others to make sense of our surroundings is what we can better support with highly interactive system dynamics tools. These tools should initially provide a view, model, or interpretation of a confusing or challenging domain. However, these tools do and should provide much more. They can be used by
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more advanced learners to experiment with a synthetic reality. They can be used to construct and examine alternate interpretations of reality. They can be used to stimulate dialogue and discussion. They can and will be used.
Will it become necessary for people to become system dynamicists and modelers to understand complex domains? If the answer is yes, then it is not likely that we will see much improvement in our understanding of complex domains. People are no more likely to take up system dynamics in large numbers than they are to take up integral calculus. This may be a harsh and premature conclusion on my part. I have little evidence to support such a conclusion.
Conclusion
I have now made several remarks that we lack evidence to support a rigorous case to defend one instructional approach over another when designing system dynamics-based learning environments. I, like many of the authors represented herein, believe, however, that collaborative and constructive learning environments involving the use of system dynamic models and simulations are sometimes appropriate and likely to be effective. I would like to conclude with a sketch of how we might consider evaluating progress in this area.
Let us first recognize that there are multiple perspectives on learning (Sfard, 1998) . We may view learning as the acquisition of expertise (a more traditional view) or as becoming a recognized member of a community of practitioners. Each perspective implies a particular evaluation approach and methodology. In the latter case, we might focus evaluation on patterns of interaction. In the former case, we might assess progress in terms of how learners compare with experts along a number of dimensions.
One possible dimension of the analysis of the acquisition of expertise might be with regard to the causal connectedness perceived in a complex domain. In static domains it has been possible to identify patterns of expert thinking about a variety of topics and then compare those with less expert thinking in those domains. After instruction, comparisons can again be made to see if changes have occurred. Techniques involving simple association networks have proven remarkably predictive of expert-like performance in many domains (Schvaneveldt, 1990) . Association nets and other concept mapping techniques (e.g., semantic networks) have been used to determine how experts think, whether and to what extent they think similarly, and whether nearness to an expert's conceptual understanding is predictive of other aspects of expert performance. Results have been surprisingly positive, although little research of this kind has occurred with regard to complex, dynamic domains of the kind addressed in this volume.
I believe that it is time that we begin such rigorous and disciplined investigations using methods that others can apply so as to replicate studies and compare results. It is imaginable that a causal loop cognitive mapping tool might be constructed to capture relative levels of expertise within a domain. If such levels are identifiable, and if we acknowledge that the very highest levels of expertise might not be so easily understood Spector / SYSTEM DYNAMICS 533 or represented (e.g., see Dreyfus & Dreyfus, 1986) , then it is possible that we can represent competent and proficient performance in terms of connectedness of causal loop or influence diagrams. Then we might be able to say if learning is occurring, why it may or may not be occurring, and how we might better promote acquisition of expertise.
It is conceivable that we could construct similar evaluation methods for alternative perspectives. However, what is not acceptable is to claim that learners will somehow come to understand complex domains on account of some new technology or approach when there is clear evidence that such understanding is quite rare and difficult to attain. In short, we should remain skeptical and demand strong evidence of significant learning improvements.
